Two-dimensional (2D) materials have shown outstanding properties that make them the materials of choice for future semiconductor and flexible nanoelectronics. Hexagonal boron nitride nanosheet (BNNS) is one of the most studied 2D materials due to its extraordinary properties and potential applications. The synthesis of large, homogeneous, and few-layered BNNS, however, remains challenging. Among the various synthetic routes, chemical vapour deposition (CVD) is preferred on the grounds of its potential to yield large BNNS with controllable atomic layers and minimal contamination. We thus devote this review to the CVD growth of BNNS, and its characterization and applications. The recent progresses in the CVD growth of BNNS is firstly summarized from the aspects of precursors, substrates, growth mechanisms, and transfer techniques. This review then moves on to the characterization of few-atomic-layered h-BN sheets, covering a variety of microscopic and spectroscopic techniques that have proved useful for assessing the quality of BNNS. The applications of the BNNS are also summarized. This review is expected to instigate new methods and improvements in relation to the CVD growth of BNNS, which has enabled exceptional performance as a key component of nanoscale electronics. Two-dimensional (2D) materials have shown outstanding properties that make them the materials of choice for future semiconductor and flexible nanoelectronics. Hexagonal boron nitride nanosheet (BNNS) is one of the most studied 2D materials due to its extraordinary properties and potential applications. The synthesis of large, homogeneous, and few-layered BNNS, however, remains challenging. Among the various synthetic routes, chemical vapour deposition (CVD) is preferred on the grounds of its potential to yield large BNNS with controllable atomic layers and minimal contamination. We thus devote this review to the CVD growth of BNNS, and its characterization and applications. The recent progresses in the CVD growth of BNNS is firstly summarized from the aspects of precursors, substrates, growth mechanisms, and transfer techniques. This review then moves on to the characterization of few-atomic-layered h-BN sheets, covering a variety of microscopic and spectroscopic techniques that have proved useful for assessing the quality of BNNS. The applications of the BNNS are also summarized. This review is expected to instigate new methods and improvements in relation to the CVD growth of BNNS, which has enabled exceptional performance as a key component of nanoscale electronics.
Introduction
Dimensionality is an important feature for any material. One of the early zero-dimensional (0D) materials was fullerene, which was synthesized in 1985 [1] . Later on, in 1991, the onedimensional (1D) carbon nanotube was synthesized, which is one of the most studied materials over the last two decades [2] . Following the invention of 0D fullerene and 1D carbon nanotube, the only missing part in the reduced dimensional family was two-dimensional (2D) materials. Although there have been reports on the synthesis of 2D materials since the early 1960s [3] [4] [5] , the field did not gain enough attention until the discovery of graphene in 2004 [6] .
Over the last decade, there has been an exponential increase in 2D materials research. Graphene occupies the largest portion of research output in the world of 2D materials. This is attributed to the exceptional properties of graphene, which primarily include ballistic charge carrier mobility (>200,000 cm 2 V À1 s
À1
), excellent mechanical strength, remarkable thermal conductivity, etc. [7] . The other 2D layered materials include hexagonal boron nitride (h-BN), transition metal dichalcogenides (TMD, including MoS 2 , WS 2 , MoSe 2 , WSe 2 , etc.), transition metal oxides [8, 9] , and the buckled atomic crystals denoted as 'Xenes' (silicene [10] , phosphorene [11, 12] , and germanene [13] ). In addition, there may be hundreds of other 2D materials yet to be discovered [14] .
Few-atomic-layered hexagonal boron nitride: CVD growth, characterization, and applications 2D materials have shown outstanding properties that make them the materials of choice for future semiconducting and flexible nanoelectronics [15] . The necessity of ultra-thinness, flexibility, and energy efficiency in these applications has put the use of 2D materials at the forefront. Nevertheless, 2D materials are unable to support themselves due to their atomic scale thickness, while the use of conventional bulk substrates as supports drastically reduces their performance. For example, the simple act of putting graphene on top of an SiO 2 /Si substrate causes scattering of the electrons due to the dangling bonds and roughness of the SiO 2 surface, which, consequently, reduces its carrier mobility considerably [16] . Using h-BN as a support in preference to SiO 2 /Si has improved the transport properties of graphene by at least an order of magnitude [16, 17] . This is because h-BN is sp 2 bonded, atomically flat, devoid of dangling bonds, and an insulator. A significant number of subsequent publications reported the use of h-BN as a dielectric layer in graphene-based transistors [18] [19] [20] [21] [22] . Recent findings indicate that to realize future graphene-based nanoelectronics applications, simultaneous development of all the related 2D materials is essential.
In this review, we have summarized the structural information on few-atomic-layered h-BN nanosheet (BNNS), its synthesis, characterization, and applications. The chemical vapour deposition (CVD) method has proven to be the most effective technique for large-scale synthesis of high-quality BNNS. Therefore, the emphasis has been placed on the progress on CVD grown BNNS. The major challenges in the CVD growth of BNNS are as follows: obtaining impurity-and defect-free nanosheet, maintaining large-scale homogeneity and single crystallinity, and controlling the thickness. Also, methods for defect-, impurity-, and crack-free transfer of the as-grown BNNS to various substrates need to be developed for successful integration of BNNS into heterostructures with other 2D materials. Techniques for characterizing few-layer BNNS are also included in this review, since they are different from those applicable to bulk BN in many aspects.
Structural information on bulk boron nitride
Boron nitride atomic orbitals can be either sp 2 or sp 3 hybridized, thus producing several crystalline forms. BN forms hexagonal (h) and rhombohedral (r) lattices via sp 2 hybridized bonding and forms cubic (c) or wurtzite (w) lattices via the sp 3 hybridization configuration. Of these, the h-BN and c-BN forms are stable and are readily available [23] . Two less ordered sp 2 configured polymorphs, amorphous (a)-BN and turbostratic (t) BN, can form during the synthesis of h-BN and r-BN. a-BN appears due to structural disorder introduced at the atomic level. Therefore, a-BN can be considered to be disordered h-BN and is unstable in air, reacting with water vapour to form boric acid, boric oxides, and hydroxides [24] . t-BN, on the other hand, forms due to a fault in the c axis orientation of the h-BN layers (less or no ordering between the basal planes in subsequent layers) [25] . Most of the time, the interlayer spacing in t-BN is larger than those of h-BN and r-BN, and thus, only in-plane ordering of atoms is possible in t-BN. This type of BN has also been reported to be unstable after long-term exposure to air, forming ammonium borate compounds (NH 4 B 5 O 8 Á4H 2 O) [26] .
Nanostructured boron nitride
Similar to the carbon allotropes of graphene, carbon nanotube, and fullerene, h-BN can form BNNS [8] , BN nanotube [27] , and BN fullerene [28] . In addition, various morphologies, such as nanoribbons [29, 30] , nanoplates [25, 31] , nanowires [32] , nanofibers [33] , nanoropes [34] , nanocups [35] , nanofunnels [36] , nanomikes [36] , microbelts [37] , and foams [38] , have been reported. BNNS is few-atomic-layered BN, in which in-plane hexagonal arrangements of B and N atoms occur. Due to the remarkable structural similarity to graphene (bond length and interlayer distance), single layer hexagonal boron nitride is also called 'white graphene'. The difference in electronegativity between the B (2.04) and N (3.04) atoms results in the BAN bond being slightly ionic in nature.
The 2D h-BN can be either zigzag or armchair edge terminated (Fig. 1a,b) [39] . BNNS generally grows as triangular sheets on transition metal substrates, which result in a chemically unbalanced state along the sheet edges, that is, either B terminated or N terminated edges. For the BNNS grown on Cu substrate, the N terminated zigzag edge is found to be more favourable than the B terminated one (Fig. 1c ) [40] , thus producing equilateral triangles during the growth. In contrast to the more favourable zigzag edge termination in BNNS, the armchair edge termination is found to be energetically stable in h-BN nanoribbon (Fig. 1d) [41, 42] .
Depending on the B to N ratio in the precursor, the substrate, and the lateral size, the equilateral triangle can be transformed to truncated hexagonal shapes, where both N and B terminated edges can be energetically stable (Fig. 1e ,f,h) [43, 44] . For the BNNS on Ni substrate, the B terminated edge structure can be more stable than the N terminated edge (Fig. 1g) [43] . Experimental evidence is yet to be reported to confirm the latter case.
Stacking in BNNS
Although h-BN is isostructural to graphite, there is a stacking order difference between these two materials. While graphite is a Bernal stacked (AB) structure, h-BN in a bulk scale is generally considered to be AA 0 stacked (B atom on top of N atom and vice versa). BNNS has been predicted to adopt other stacking orders, however [45] . Bernal stacked AB or AC, similar to graphite, is reported to be energetically favourable, in addition to the AA 0 stacking [46, 47] . Both of these stacking orders have been detected using dark field-transmission electron microscopy (DF-TEM) [45] in CVD grown h-BNNS (Fig. 2a) . The AB stacking order in BNNS has also been found in chemically exfoliated BNNS through high angle annular dark field-scanning TEM (HAADF-STEM) Z-contrast imaging. The AB stacking order has been attributed to the presence of impurities in the chemically exfoliated layers, which might have assisted in transforming the AA 0 stacking to AB stacking (Fig. 2b ) [48] . In a recent publication, we have reported the observation of AB, ABA, AC 0 , and AC 0 B stacked BNNS through HAADF-STEM analysis for CVD grown multilayered BNNS on solid Cu substrates at 1000°C (Fig. 2c ) [49] . Among these stacking orders, AC 0 stacking is generally considered the least energetically favourable of all the stacking configurations in h-BN. It has been suggested that under the high-temperature CVD growth conditions, the electrostatic forces that dictate the optimal stacking mode in h-BN [50] are disturbed by the high kinetic energies of the atoms, and the film may adopt various stacking orders [47] . More work needs to be carried out to understand the exact origin of various h-BN stacking orders. Growing BNNS on other substrates such as Ni, Fe, and Pt, and comparing the stacking order with that grown on Cu may help to explain the impact of substrates on stacking orders. HAADF-STEM analysis, combined with scanning electron microscopy (SEM) and electron backscattered diffraction (EBSD) results may help to clarify the impact of substrate grain orientation on the stacking order. Stacking order dependent property variations of the BNNS have been documented in the literature [45] . For example, optical and topological properties change when the stacking order changes from AA 0 to AB in h-BN [45] . To use BNNS as a substrate for graphene-based nano-and opto-electronics applications, the impact of different stacking orders remains to be studied. Various stacking orders in other CVD grown 2D materials have also been observed [51] [52] [53] . For example, in GaSe crystal, AB stacking (e polytype) is considered the most energetically favourable. Experimentally, the less energetically favourable AA 0 stacking (b polytype) has also been found [51] . Both AA 0 and AB stacking orders have been reported for 2D MoS 2 also, where AA 0 stacking is considered the most common [52, 53] .
Defects in BNNS
Defects in a 2D system can have more far-reaching effects than in its bulk counterpart. This is because nearly all the atoms are in the surface, especially in the case of monolayers, and perturbation of the surface atomic arrangements due to defects can change the properties dramatically. For example, the presence of Stone-Wales type line defects (pentagon-heptagon pairs, 5/7) in BNNS can lower the band gap significantly [54] . Also, defects have been assigned as the possible cause for the very low elastic modulus [55] and bending modulus [56] in CVD grown BNNS. In 2D materials, where mono-to few-layer cases are mostly considered, the term 'grain boundary' which is a threedimensional construct, is often replaced with 'domain boundary'. A polycrystalline 2D material is thus made up of various domains connected along the domain boundaries. The StoneWales type defect, which is very common for graphene, was predicted to be energetically less favourable than the squareoctagonal pair (4/8) line defects in BNNS, due to the unfavourable homo-elemental bonding formations (BAB or NAN bonds) [57, 58] . Depending on the tilt angle of the domain boundaries, however, both 4/8 (unpolar) and 5/7 (polar, B-rich or N-rich) defects are found to be energetically viable in BNNS from density functional theory (DFT) calculations [59] . In recent publications, both 4/8 and 5/7 type domain boundaries were experimentally observed by scanning tunnelling microscopy (STM) [54] and high-resolution TEM [55, 60] analysis (Fig. 3) . Possible atomic configurations in the 4/8 and 5/7 type domain boundaries have been proposed (Fig. 3c) [54] . Among these configurations, 4/8 type polar domain boundaries (Fig. 3d , Type II) have been discovered [60] , while the other configurations are yet to be confirmed experimentally.
Other common defects in 2D material are the point defects. In the case of BNNS, due to the presence of heteroatoms, the point defects can be either B/N vacancies or B/N-rich point defects [61] . Boron monovacancies are often induced by the high energy electron beam during the high resolution TEM (HRTEM) imaging [62] [63] [64] [65] . By focusing the high energy electron beam in the boron monovacancy regions for a few minutes, further N and B atoms can be knocked out of that layer, leaving a triangular hole [62] [63] [64] [65] .
Synthesis of BNNS
Boron nitride was first synthesized in 1842 by the reaction between boric oxide and potassium cyanide [66] . Nowadays, the most popular commercial method of synthesizing h-BN powders is by heating boric acid/boric oxide and an ammonia/melamine/urea mixture at 900°C, followed by annealing at 1500°C in N 2 to increase the crystallinity of the powders [67, 68] .
Interest in the synthesis of 2D h-BN started immediately after the discovery of graphene in 2004. Broadly speaking, there are two methods to form BNNS: top-down, where bulk h-BN is exfoliated and/or thinned, and bottom-up, where B and N atoms form few-layered h-BN (Fig. 4) .
Top-down approaches
This method is to exert certain forces (shearing force for example) to overcome the van der Waals forces that hold BN layers together. This method is useful for large-scale production of BNNS, but it generally produces BNNS with a large distribution of layer numbers, various lateral sizes, and contamination. layers [8] . This technique can lead to BNNS with large lateral size and relatively free of contamination (aside from the tape adhesive which can be removed by a thermal anneal). BNNS obtained in this way can be easily stacked on top of another 2D material. For example, flexible field effect transistors (FETs) prepared by stacking exfoliated BNNS and graphene, have shown exceptional room temperature carrier mobility [16, 69, 70] and flexibility [70] .
Micromechanical cleavage
Sonication assisted exfoliation Sonication was found to be an effective route to weaken the van der Waals forces between the layers in highly oriented layered materials. An extensive study of sonication-assisted exfoliation was conducted by Coleman et al. [9] . The efficacy towards exfoliation and retention in a particular solvent was found to be dependent on the solvent's surface tension. During the sonication, ions and compounds were found to be intercalated between the BNNS layers [71] [72] [73] [74] . Sonication in the presence of solvents has also proved to be very effective in functionalizing BNNS. For example, functionalization and exfoliation have been achieved using octadecylamine (ODA) [75] . Functionalization was achieved due to the strong Lewis acid-base interactions between electron-deficient boron and electron-rich amine molecules.
Bottom-up approaches Chemical vapor deposition
The synthesis of h-BN thin film by the CVD process can be dated back to the early 1970s [76] , when the CVD process became popular for the preparation of thin films [77] . Several reports were published afterwards, where micron-thick h-BN films were prepared on various substrates by the CVD process [78] [79] [80] [81] [82] . Single atomic layer BN was first grown by CVD in an ultra-high vacuum (UHV) system in 1995 [4, 5] . Probably due to the complexity of the UHV system, the synthesis of atomic-layer-thin BNNS did not gain significant attention until recently. Significant progress has been made in growing high quality BNNS via low pressure (LP) -and atmospheric pressure (AP)-CVD.
CVD has been deemed to be the most effective method to grow large BNNS sheets with controllable atomic thickness. This is particularly important for nanoscale electronics where BNNS is used as the substrate. Several key CVD parameters exert dramatic effects on the quality of the BNNS. In this review, the impact of various precursors, substrates, and the treatments of substrates are discussed, since these are important and can be adjusted or tuned, regardless of the physical features of the CVD system. We have also summarized the growth mechanism of BNNS on transition metal substrates and the transfer techniques used to attach BNNS onto various substrates.
Precursor for BNNS synthesis
The precursors used to grow BNNS are listed in Table 1 . The main precursor for the CVD synthesis is borazine, which is isostructural to benzene. Intermolecular dehydrogenation at elevated temperatures fuses the six membered rings together into extended h-BN. Borazine, however, reacts with the moisture in air and can polymerize into solid polyborazylene [83] . Therefore, it needs to be stored under cold conditions in an inert atmosphere, which limits its use as a direct precursor for synthesis. One of the borazine derivatives, b-trichloroborazine, has been used [40, 84] . The major drawback of this precursor is the release of HCl gas when it is exposed to humid air, which is corrosive to the CVD fittings and equipment.
Ammonia borane has been widely used as the CVD precursor to grow BNNS [44, 56, [85] [86] [87] [88] . This compound is relatively airstable, relatively non-toxic, and easy to handle. Ammonia borane decomposes to borazine, along with hydrogen, polyaminob- Common methods for the synthesis of BNNS. [60] . Copyright 2014 American Chemical Society) and (e) 5/7 type defects (adapted with permission from Ref. [55] . Copyright 2013 American Chemical Society).
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orane, polyiminoborane, diborane, and ammonia, at around 110°C [89, 90] . The solid decomposition products can be prevented from reaching the reaction zone by decomposing ammonia borane in a flask fitted with a valve and a filter, all of which sit outside the furnace [20, 56, 86, 88, 91, 92] .
In addition to the above single-compound precursor containing both B and N in a 1:1 ratio, multiple-compound precursors have also been used for the synthesis of BNNS. For example, BF 3 , N 2 , and H 2 have been used to synthesize vertically aligned BNNS by the microwave plasma (MP)-CVD process [93] [94] [95] . The vertical alignment of the nanosheet on silicon wafers is probably induced by the electric field generated in the plasma sheath. The nanosheet thickness was controlled by varying the gas ratios. With a similar mechanism, gaseous BCl 3 , NH 3 , N 2 , and H 2 were used to synthesize BNNS [96] . Diborane and ammonia as two gas-source precursors have also been employed [76, [78] [79] [80] [81] [82] . These precursors were recently used in an LP-CVD system to synthesize few-layer BNNS on Ni and Cu foils [97] . BNNS grown on Cu foil was found to be turbostratic, while crystalline BNNS with controlled thickness was found on Ni foil. Decaborane and ammonia have also been used to synthesize few-layer BNNS [98] . Decaborane was used to take advantage of its stability in air and easy sublimation between room temperature and 90°C, with no other decomposition products being formed. In a three-step boration, oxidation, and nitration process, where BNNS was grown on Rh/Y stabilized zirconia (YSZ)/ Si (111) substrate, B(OCH 3 ) 3 and NH 3 were used as the B and N sources, respectively [99] . Table 1 summarizes some common precursors, the related growth parameters, and the quality of the resulting BNNS.
Substrates for BNNS synthesis
The growth of BNNS has been carried out primarily on transition metal substrates due to their catalytic effect at high temperatures ( Table 2) . BNNS growth has also been reported on Ge [115] , sapphire [79, 103] , Si [104] , and SiO 2 coated Si substrate [108] ( Table 2) .
Similar to graphene, the most widely used substrates for BNNS growth are Cu and Ni. BNNS are reported to be strongly chemisorbed on Ni (111) and weakly chemisorbed/physisorbed on Cu (111) surfaces [137] [138] [139] . This is due to the strong hybridization of the Ni d z 2 orbital with N-p z and B-p z orbitals, while in the case of Cu, the hybridization energy is much lower due to the filled d orbitals in Cu [137, 138] . Thus, the binding energy between BNNS and Cu, Ag, and Au substrates is smaller than in the case of Co, Ru, and Ir. Theoretical calculations suggest that the binding energy decreases with the filling of the d band orbitals in transition metals and is the highest for the 4d elements (i.e. Period 5 elements) [138] . The positions of B and N atoms on the Ni (111) surface were theoretically analysed [146] . B atoms preferentially enter into the face centred cubic (f.c.c.) or hexagonal close packed (h.c.p.) Growth was carried out using a UHV system at 723°C.
[ 40, 84] Diborane and ammonia BNNS thickness (monolayer to 100-layers) and crystallinity are dependent on the choice of substrates, deposition time, and sequential exposures of the precursors.
Growth was carried out in an LPCVD system at 600-1025°C.
[97,134]
Decaborane and ammonia
Thickness was about 2 nm on Ni and 2-15 nm on Cu.
Growth was carried out at 1000°C for 10 min in an APCVD system.
[98]
Dimeric diborazane and trimeric triborazane
Thickness was about 2-5 nm. Compared to ammonia borane, these precursors led to faster growth rates and more polymeric particles.
The precursors decompose around 80-90°C. The growth was carried out at 1040°C in an APCVD system.
[135]
BCl 3 , NH 3 , N 2 , and H 2
The maximum thickness was about 10 nm. Growth temperature was 1000°C in an APCVD system.
[96]
BF 3 , N 2 , and H 2 1-8 layer thick and a domain size of up to 4 lm were obtained.
Microwave plasma CVD system was used for the growth. The microwave power, growth tempeature, and time was 800 W, 800°C, and 1 hour, respectively.
[ 93, 94] Trimethylamine borane
Monolayer h-BN and h-BCN films were grown on Cu. With a sublimation temperature above 40°C, 2-5% carbon doping can be achieved.
Growth was carried out at 1050°C for 5-20 min using an APCVD system.
[136]
Trimethylborate, O 2 , and ammonia h-BN monolayer. Growth was carried out in a three step borationoxidation-nitration process in a LPCVD system. hollow sites of Ni (111) , and N sits on top of each Ni atom for the formation of stable h-BN on top of Ni (111) [138, 146] . The f.c.c position is energetically slightly more favourable for B atoms than the h.c.p. hollow sites (energy difference is 9 ± 2 meV/B atom in the two sites) [146] . In a later publication, the stable B and N atomic positions on Co (0001), Ni (111), Pd (111), Pt (111), Cu (111), Ag (111), and Au (111) were established [139] . For the rest of the transition metals (Pd, Pt, Ag, and Au), B and N atoms sit on the bridge sites, and one of each sits on top of the transition metal atom alternatively to form stable h-BN (Fig. 5a ).
The lattice mismatch of Co (0001), Ni (111), and Cu (111) with h-BN is only 0.8%, À0.4%, and 2.4%, respectively (lattice spacing of Co (0001) = 0.251 nm, Ni (111) = 0.249 nm, Cu (111) = 0.256 nm, and h-BN = 0.250 nm). This facilitates commensurate epitaxial BNNS growth on these surfaces. There is a considerable lattice mismatch between h-BN and all the ot her transition metals, thereby forming non-commensurate corrugated nanomesh patterns. The Moiré periodicity generated by the lattice mismatch between the substrate and BNNS is calculated according to this formula [138] :
where N BN = no. of unit cell repetitions in h-BN, N subs = no. of unit cell repetitions in the substrate, A BN = lattice parameter of h-BN and A subs = lattice parameter of the substrate.
For example, Ru (111) and Rh (111) have almost the same inplane lattice parameter, 0.271 nm and 0.270 nm, respectively. From Eq. (3), it can be estimated that 13 Â 13 unit cells of h-BN coincide with 12 Â 12 unit cells of Ru (111) or Rh (111) . Therefore, the Moiré periodicity of the BNNS grown on Ru (111) or Rh (111) substrate will be the length of the 13 Â 13 unit cells of BNNS. h-BN is normally more strained on the noncommensurate surfaces than on the commensurate ones (Fig. 5b) .
EBSD analysis has been carried out to understand the impact of grain orientation on the growth of BNNS [100, 120, [147] [148] [149] . Both the Cu and Ni substrates undergo a significant recrystallization when annealed at very high temperatures (at or above 1000°C), and the surfaces are found to be predominantly Cu (100) and Ni (100) oriented after the annealing and BNNS growth [120, 147, 150] . In all the studies, the BNNS growth rate was found to be higher on Cu (111) surfaces than on Cu (100) or Cu (110) [147] . The growth of BNNS on Ni, however, was found to be higher on Ni (100) or Ni (100)-like surfaces [120, 149] . It should be noted that Cu (111) and Ni (111) have lower surface energies than their corresponding (100) and (110) surface planes. In a very recent study, multi-layered BNNS with centimetresized domains has been grown on Ni (111) single crystal [124] . Due to the high costs of single crystal, however, polycrystalline Cu, Ni, and Pt have been used, with the aim of growing highly crystalline mono-and few-layer material [88, 92, 98, 114, 120, 151] . As a result of the weak chemisorption and the polycrystalline nature of the substrate, triangular BNNS islands with random orientations are often found during the initial growth stage on polycrystalline Cu and Pt [44, 86, 88] . Moreover, triangular BNNS islands with different orientations within the same Cu grain have been observed, which is likely to be due to the weak interaction of the BNNS with the Cu substrate [86] . In contrast, BNNS islands grown on Ni and Ru substrates maintain specific orientations with respect to the substrates due to the strong chemisorption of BNNS on those substrates [40, 121] .
Pre-treatment of the substrate Commercially available high purity (>99.9% purity) polycrystalline thin film (0.025-0.25 mm) foils are generally used to synthesize BNNS. These as-received foils normally need treatment prior to the growth to remove the oxide layer and organic contaminants. A short acetic acid wash has been found to be effective to remove the oxidized layer from the Cu surface [122] . Acetone and isopropyl alcohol (IPA) are used to remove any organic contamination [152] . Another widely used technique is to treat the Cu or Ni foils in dilute nitric acid for a very short period to remove the oxidized layer and contaminants [56, 106] . Electrochemical polishing and Ar ion etching are the other alternatives for polishing the foils before the growth [153] [154] [155] [156] .
On the polycrystalline Cu substrates, the presence of grain boundaries and other defects often lower the lateral size and homogeneity of the nanosheet [65] . Electropolishing can minimize the defects on the Cu surface [44] , although the presence of Cu grain boundaries and preferential BNNS growth along those lines are apparent (Fig. 6a) . Long annealing of the Cu substrate at high temperatures can facilitate the growth of single crystal BNNS with lateral sizes up to 20 lm (Fig. 6b) [21] . The lateral size of up to 130 lm could be obtained when the growth was carried out on Cu-Ni foil (85:15 at%) (Fig. 6c) [87] . Melting the Cu substrate has been found to be an effective method to reconstruct the surface, and micrometre-sized and mostly 1-2 layered BNNS have been obtained (Fig. 6d) [65] . Extensive cracking of the BNNS was found when the growth was carried out on the melted Cu substrate (Fig. 6e,f) . Flattening the Cu substrate against the tungsten support (to ensure good contact between the two metals) consequently improves wetting during melting and minimizes temperature gradients across the foil. Slow cooling through the Cu melting point and eliminating the presence of SiO x particulate contaminant that can etch the nanosheet, lead to improved BNNS growth on melted Cu (Fig. 6g,h ) [49] . Also, re-solidifying the Cu substrate and carrying out the growth at temperatures near the melting point was reported to facilitate growth [117] . [65] . Copyright 2015 Nature Publishing Group. Schematic illustrations of (e) an unflattened and (g) a flattened Cu substrate and the resultant re-solidified Cu shape after melting. SEM images of BNNS grown on (f) unflattened (inset: higher magnification) and (h) flattened Cu substrates. Minimizing the thermal gradients across the Cu and BNNS during cooling and carrying out the growth in a SiO x particle-free environment facilitates the growth of crack-and crumple-free BNNS. Reproduced from Ref. [49] with permission from The Royal Society of Chemistry.
Mechanism of BNNS growth
For precursors such as ammonia borane, NH 3 and B 2 H 6 /B 10 H 14 , borazine is formed and adsorbed on the catalyst surface, where it polymerizes and ultimately forms BNNS on the substrate surface via the dehydrogenation reaction at high temperatures [19, 128, 157] . Borazine can decompose into boron and nitrogen when it comes into contact with the substrate [131] . B has sufficient solubility in Cu at high temperatures (0.29 at% at 1013°C [158] ), while N atoms are expelled from the surface due to their low solubility in Cu. Initially boron and nitrogen form monolayer BNNS on the substrate (Fig. 7a) . B atoms, which diffuse towards the surface can combine with N, forming multilayer islands of BNNS [126, 131] . It is also found that by 'pre-filling' Fe substrate with N atoms (flowing NH 3 at the beginning of the growth), the diffusion of B atoms from the decomposed borazine can be restricted, and island-free, uniform monolayer growth of BNNS can be obtained [126] .
The growth of multilayered BNNS is often explained by three established thin film growth models (Fig. 7b) [5, 86, 119, 122, 159, 160] . If the atoms of the deposited material are much more strongly bonded to each other than to the substrate, island or Volmer-Weber growth takes place (case 1: Fig. 7b ). In contrast, if the atoms are more attracted towards the substrate, the growth occurs in a layer-by-layer manner, that is, the growth follows the Frank-van der Merwe model (case 3: Fig. 7b) . The third one is the Stranski-Krastanov growth model, where the growth follows the Frank-van der Merwe model first (layer-by-layer growth), and after that, the growth switches towards the island-like growth (case 2: Fig. 7b ). Most BNNS growth has been explained by the Stranski-Krastanov model [5, 86, 119, 122] .
Transferring BNNS to various substrates
Transfer of the CVD grown BNNS onto various metal substrates has been achieved with supports such as poly(methyl methacrylate) (PMMA) and polydimethylsiloxane (PDMS), thermal release tape, and water soluble polymers [56, 86, 128, [161] [162] [163] [164] [165] [166] [167] . PMMA is the most widely used polymer to transfer the nanosheet [19, 56, 128, 168] . As the deposition occurs normally on both sides of the substrate, one side of the substrate is first cleaned using either acid etching or Ar ion sputtering. PMMA is then spincoated on the other side of the substrate and the underlying metal is etched away in FeCl 3 [19, 85, 98, 169] , Fe(NO 3 ) 3 [170] , Transene Cu etchant solution [19, 114] , or ammonium persulfate [171] solution. The free floating BNNS/PMMA is then collected on a silicon wafer for subsequent analysis. The PMMA can be dissolved by washing with hot acetone followed by Ar/H 2 annealing at 350-450°C for 2-4 hours, to leave the free-standing BNNS layer. This transfer process, however, often leaves PMMA residue all over the sample. Heating at 500°C under Ar/O 2 gas atmosphere has been found effective for complete removal of PMMA residues from the BNNS [172] . Also, the acetone washing step can be replaced by oxidizing the PMMA coated sample in air at 350°C for 3-4 hours, immediately after collecting it from the solution [173] . Oxidizing the PMMA layer saves several steps and can avoid any unwanted contamination from residual organic material. In a recent work, electrostatic force has been used to transfer graphene from the Cu substrate using an electrostatic generator [167] . Similar methods may be adopted for transferring BNNS. In addition, directly transferring BNNS to a TEM grid has also been achieved, similar to the method adopted for graphene transfer [164] . In this process, the TEM grid is kept on top of the BNNS/Cu foil and a few drops of IPA are added, so that the TEM grid adheres to the BNNS/Cu foil. After etching the underlying Cu, BNNS sticks to the TEM grid and floats on the etching solution [117, 164, 174] .
Physical vapor deposition (PVD)
PVD is another bottom-up synthesis process, where materials are vaporized from a solid or liquid source in the form of atoms or molecules and are transported towards a substrate under UHV or a low-pressure gas (plasma) environment for deposition [175] . The vapour from the source materials is normally generated by two techniques: thermal evaporation and sputtering. In the thermal evaporation process, the source material is heated up by a focused high energy electron beam to vaporize the material. Molecular beam epitaxy, a PVD process, is based on an advanced form of thermal evaporation. Sputtering is generally carried out by bombardment of the source material using accelerated gas ions (typically Ar + ). Ar+ ion sputtering of a pure h-BN target has been employed to grow mono-to few-layer BNNS on Cu and Ni substrates [176] [177] [178] . Radio frequency magnetron sputtering was employed on a B target at 850°C in Ar/N 2 
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atmosphere to synthesize monolayer BNNS on Ru (0001) [143] . Pulsed laser deposition (PLD) was also employed for synthesizing BNNS on various substrates, including Ni, Mo, Si, and AlN [179] .
Other processes
Apart from the conventional bottom-up or top-down approaches, BNNS has been synthesized by substitutional reaction of graphene [180] [181] [182] [183] . To synthesize the nanosheet, boron trioxide powders, molybdenum oxide (as a promoter), and graphene sheets, were put into a graphite furnace at 1650°C under N 2 gas [180] . Both BN and BCN nanosheet have been synthesized in this way. Modification of the process by using diverse carbon sources (for example, fleabane flowers, pine needles, wiper papers) resulted in gram scale amounts of BNNS [184] . Porous BNNS, which was used for CO 2 adsorption, was synthesized by flowing ammonia gas over MgB 2 and NH 4 Cl powders at about 650-850°C in a CVD furnace [185] . A mixture of boron trioxide and guanidine chloride in methanol was also used to produce porous BNNS at 1100°C [186] . We have reported a simple method to exfoliate and functionalize BNNS in a moisture-rich environment at about 850°C [187] . The high temperature oxidation produces B-OH groups along the edges, which helps effective crosslinking with the hydrogel polymer to increase its thermal response [187] .
Challenges in BNNS synthesis
Although several synthesis routes have been identified to yield mono-and few-layer BNNS, the production of large and singlecrystalline nanosheet with controlled thickness for practical use is still a challenge. The top-down approach normally leads to BNNS with various thicknesses and lateral sizes, and contamination due to the chemicals used. Using the mechanical cleavage technique, nano-to micrometre sized BN flakes can be peeled off from a pristine highly oriented pyrolytic boron nitride sample. This process has a low yield; however, both mono-and few-layered nanosheet were produced by this method. In sonication assisted exfoliation, defective and small-sized nanosheet are often found.
Electron beam irradiation and PVD methods require complex fabrication systems, and typically only laboratory-scale production is possible with them. Other processes, such as boron nitride nanotube (BNNT) unwrapping and the substitution reaction of graphene, produce nanosheet which are neither of high purity nor large in size. Variable thicknesses and impurities are the main drawbacks of the wet chemical routes. The as-synthesized nanosheet may also require a high-temperature anneal (1000-1500°C) to improve their crystallinity and sometimes require oxidation to remove the carbon contamination [25, 180] .
As far as BNNS as a substrate for 2D nanoscale electronics is concerned, among the various synthesis routes, the CVD method has been deemed to be an effective route to produce large BNNS for practical applications. Recently, graphene layers, 30 inches in length, were synthesized by a CVD method and then transferred using a roll-to-roll technique [166] . Large BNNS (25 in. in length) have recently been grown on a rolled Cu substrate [188] . The major challenges for the CVD growth are how to minimize the grain boundaries (in the other words, to grow larger single crystals) and how to control the formation of mono-or few-layers (that is, homogeneity) over a large area. Carbon and silicon oxide contamination in the CVD grown BNNS have been reported [49] . The precursors for BNNS need to be free of any residual solvents to avoid carbon contamination, and growth in a confined space has been found to minimize the contamination by silicon oxides. Also, effective methods for transferring BNNS to various substrates need to be developed to avoid breakage and contamination during the process.
Characterization techniques
Due to its few-layer nature, BNNS requires somewhat special knowledge for investigating its morphology, crystallinity, number of layers, and overall quality. In the following section, we summarize the recent progress in the characterization of BNNS, from electron microscopy to spectroscopy. Some of these techniques can be adopted to characterize other 2D materials.
Optical microscopy
Mono-to few-layer BNNS cannot be easily observed in an optical microscope, as h-BN hardly absorbs any visible light (being nearly transparent) due to its large band gap (about 6.0 eV). Even using a very smooth 300 nm SiO 2 /Si wafer to increase the interference of reflected light does not add sufficient contrast to observe a monolayer. Monolayer BNNS results in 1.5% contrast (which comes from the difference in optical path between the incident and reflected light) under white light on 300 nm SiO 2 / Si, which is undetectable by the human eyes [189] . The contrast difference increases to 2.5% for monolayer h-BN on top of 80 nm SiO 2 /Si wafer under white light, and 3.0% using a green light (Fig. 8a) [189] . With an increasing number of layers, the optical contrast increases. One study of 1-80 layers of h-BN showed a monotonic increase in contrast with layer number under green light illumination (516 nm wavelength) [190] .
Spin coating liquid crystals (4-pentyl-4 0 -cyanobiphenyl (5CB), 4-octyl-4-cyanobiphenyl (8CB), etc.) on top of BNNS has proven to be helpful for directly identifying the grains and cracks in BNNS using polarized optical microscopy (POM) imaging [114, 148, 191] . The method was first used for graphene [192, 193] and later on applied to BNNS [114, 148, 191] . Liquid crystals have been found to be aligned anisotropically along the domain boundaries of BNNS and exhibit distinct birefringence when imaged under polarized light (Fig. 8b-d) [148, 191] . The grain boundaries of the growth substrate (Cu), however, result in residual morphology in the BNNS after transfer [114, 192] , which can be confused with BNNS grain boundaries. BNNS can be identified directly on the Cu substrate under an optical microscope after oxidizing the Cu substrate at about 200°C for a few minutes [135] . The oxidation increases the interference contrast between the oxidized and non-oxidized Cu substrate, which facilitates the direct identification of BNNS areas. This method was also first used on graphene-coated Cu substrate [194] .
Raman spectroscopy
Crystalline h-BN shows two Raman active E 2g peaks [195] [196] [197] [198] at 1366 cm À1 and 49-52.5 cm
À1
. The peak at 1366 cm À1 is due to the B and N atom stretching vibrations, while the other peak arises when the h-BN planes slide against each other [198] . The appearance of the high frequency E 2g Raman vibration mode is the most straightforward route to detect h-BN. Monolayer h-BN gives a very weak Raman E 2g band. With an increasing number of layers, the Raman peak intensity increases proportionally. Gorbachev et al. [189] identified mono-, bi-, and few-layer BNNS by Raman spectroscopy. The Raman peak of monolayer BNNS was blue shifted up to 4 cm À1 and was observed at 1370 cm À1 .
It was inferred that the monolayer h-BN was stretched by the underlying substrate, which develops strain in the nanosheet and consequently hardens the E 2g phonons. In the bi-layer and few-layer cases, a red shift of 1-2 cm À1 was found. This could be due to the interaction between neighbouring sheets, which can soften the E 2g phonons [189] . Heat generated from the high-intensity laser source can also soften the phonons in the presence of defects in the nanosheet and produce a red shift in the Raman peak. Defects such as vacancies and impurities restrict the heat flow, and therefore, the temperature can rise in the defective areas, which softens the E 2g peak.
Fourier transform infrared spectroscopy (FTIR)
FTIR is an important tool for analysing boron nitride. An attenuated total reflectance (ATR)-FTIR arrangement is often used to analyse thick BNNS samples directly or in liquid solvents [89, 179, [199] [200] [201] . FTIR is not very sensitive, however, for detection of mono-to few-layered BNNS on 300 nm SiO 2 /Si substrate. h-BN has two characteristic infrared (IR) modes. One is the inplane B-N stretching vibration, E 1u , within the range of 1366-1392 cm
À1
, and the other is the out of plane B-N-B bending vibration, A 2u , at 770-820 cm À1 wavenumbers [199, 201] .
Scanning electron microscopy (SEM)
Due to its minimal sample preparation requirements and its capability for imaging micro-to nanoscale areas with high resolution, ease of use, and non-invasiveness, SEM is another commonly used characterization tool. The identification of BNNS, however, necessitates a conducting substrate, low operation voltage, and short working distance. Mono-to few-layered BNNS is considered transparent under high kV electron beam operations in SEM, as the interaction volume and the secondary electron generation from the nanosheet are very low compared to the substrate. Thus, the surface underneath the BNNS is imaged under high kV SEM operation. Also, BNNS is difficult to identify on top of insulating substrates (i.e. SiO 2 /Si). This is due to the charge built up on the insulating surface under electron beam irradiation, which repels further incident electrons and restricts the secondary electron generation. With an increasing number of layers, SEM contrast increases proportionally [202] .
Transmission electron microscopy (TEM)
This technique can be operated in either broad beam illumination mode (conventional TEM), or the beam can be focussed to a fine probe and scanned (scanning TEM -STEM), in a manner 
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analogous to SEM. The crystallinity of the BNNS is generally examined by selected area electron diffraction (SAED) analysis in TEM [49, 56, 65, 125, 128, 141, 203] . The appearance of sixfold symmetrical spots in the SAED pattern confirms the presence of crystalline BNNS. Various domains of the nanosheet can be sequentially imaged under dark field (DF)-TEM mode by selecting specific SAED spots with an objective aperture [173, 204] . The overall domain boundary distribution can be obtained by grouping all the DF images together. The domain size analysis of the BNNS has been reported using this DF-TEM technique (Fig. 9a,  b ) [49, 203] . The thickness of the BNNS is conventionally determined by counting individual atomic layers at folded edges of the sheet in high resolution TEM (HRTEM) images. The atomically thin sheet can be folded along the edges during the transfer step. The creases in the sheet can be also detected under similar HRTEM analysis [205] . The serendipity of getting a folded edge and the presence of creases, however, often makes it challenging for accurate identification of the thickness across all the regions.
High-angle annular dark field (HAADF)-STEM is a good technique to identify the individual atoms and the layer thickness, based upon HAADF intensity, which varies with the atomic number (Z) (in the relation of Z 1.64 ) [206] . The precise identification of thickness by annular dark field (ADF)-STEM imaging, however, is a tedious process as it requires the presence of a background (a hole, created by electron beam irradiation damage to BNNS) as a reference. HAADF-STEM is a powerful tool for identifying individual atoms, defects, and grain boundaries in BNNS. The individual B and N atoms and the impurity atoms inside the BNNS have been successfully detected by HAADF-STEM analysis (Fig. 9c,d) [207] . The experimental HAADF intensities from the B, C, N, and O atoms match the theoretical profile line (Fig. 9e) [207] .
The nature of the bonding (sp 2 or sp 3 configuration) and the chemical constituents can be analysed by electron energy loss spectroscopy (EELS). TEM-based EELS is very effective for the characterization of low atomic weight elements (from Li to 3d transition metals) [208] , while TEM-based energy dispersive Xray spectroscopy (EDS) is more sensitive for higher atomic number elements, although newer generation detectors allow good sensitivity for C and all heavier elements. EELS and EDS mapping are frequently conducted to analyse the spatial distribution of elements. The advantage of EELS over EDS is the much higher energy resolution of the former ($1 eV vs. 130 eV, respectively). This higher energy resolution in EELS allows the measurement of chemical shifts and fine structure within the energy loss edge. This provides a very sensitive probe of atomic bonding effects. Therefore, EELS permits both the composition and the bonding configuration to be determined. High resolution (HR)-EELS analysis has been also employed to identify the defects in the BNNS [209] . In addition, it has been theoretically suggested that various stacking orders in the BNNS will give rise to changes in B and N K-edge EELS, which can be useful in identifying the exact stacking orders [210] .
Atomic force microscopy (AFM)
AFM is a versatile characterization instrument for 2D materials. The topography of the BNNS sample can be accurately measured, generally under tapping mode in AFM. For the mono-and fewlayer cases, precise layer number determination under AFM can be challenging, however. Often a thickness of 1 nm can correspond to monolayer BNNS (since the interlayer spacing of h-BN is 0.333 nm), due to the trapped molecules between the nanosheet and the SiO 2 /Si substrate [211, 212] . Therefore, other characterization techniques, such as optical, Raman, SEM, and TEM/STEM analysis are required to correlate with the AFMderived thickness. The mechanical strength of few-layer BNNS has been determined using the AFM indentation technique (Fig. 10) [56] . A circular hole 1 lm in diameter was first created in a SiO 2 /Si surface by e-beam lithography or reactive ion etching. The nanosheet was then transferred to the SiO 2 /Si surface, and a diamond tip was used to indent the free-standing nanosheet to determine the fracture strength.
The quality of BNNS has also been determined by conductive AFM analysis in contact mode [213] . BNNS is generally considered as an insulator due to its wide band gap, although the presence of impurities and defects in the nanosheet will increase its conductivity. This can be used as a metric of quality of the sheet under conductive AFM. Frictional characteristics of mono-to multiple-layer 2D nanosheet was examined in friction force microscopy and contact mode AFM analysis [214] . Friction increases with a decreasing number of layers, which was ascribed to the puckering characteristics of the thin nanosheet under AFM tip sliding.
X-ray photoelectron spectroscopy (XPS)
XPS analysis is generally performed directly on the growth substrate before transferring. Identification of the elements, their quantity, and their oxidation state can be derived from the XPS spectra. The presence of B and N has been identified at 190.3 eV and 398.8 eV, respectively [56,74,92,96,100,120,128,1 32,215-217] . Two small broad peaks also can appear at energies of 9 eV and 25 eV (plasmon and bulk plasmon loss peaks) higher than the B 1s and N 1s core level peaks, respectively, which is a fingerprint signature of the sp 2 bonding between B and N atoms [31, 218] . For amorphous and cubic BN samples these peaks do not appear.
Ultraviolet-visible (UV-vis) spectroscopy
BNNS has poor absorption in the visible light range and therefore appears transparent under optical microscopy [189, 219] . BNNS grown by the CVD process needs to be transferred to quartz plates for collecting the UV-vis spectrum. A sharp absorption peak can be observed at about 200 nm for BNNS [56] , while h-BN bulk samples show the peak in the 215-227 nm range [220] . The band gap of few-layer BNNS has been determined by analysing the absorption data acquired by UV-vis spectroscopy, according to Tauc's formula [221] ,
Or, through this reaction [222] :
Here, x = angular frequency = 2p/k, a = absorption coefficient, which can be obtained from e = aL, where e is the absorption value and L is the film thickness. h = Planck's constant, E g = band gap energy, E = incident photon energy.
The Tauc's formula has been used, assuming that the BNNS has a direct band gap. In a recent publication, however, h-BN has been suggested to be an indirect band-gap material [223] .
Other techniques
Scanning tunnelling microscopy/spectroscopy (STM/STS) analysis gives atomic scale information, in which individual atoms can be detected by atom-to-atom raster scanning. Square octagon pairs (4/8) and pentagon-heptagon pairs (5/7) were detected along the domain boundaries by STM [54] . Defects generated during the growth [121] and the periodicity of BNNS [121, 139, 224] grown on different substrates have been analysed by STM.
Auger electron spectroscopy (AES) can be employed to determine the B and N concentrations in BNNS as a substitute or a complement to XPS analysis [87, 151, 202, 216] . In an in situ study of BN doping of graphene, the B XPS signal for both 2% and 6% BN doping was not detectable due to the low atomic sensitivity [151] . In AES, however, both boron and nitrogen peaks are apparent [151] .
High energy X-ray absorption spectroscopy (XAS) and X-ray emission spectroscopy (XES) under synchrotron radiation have been used to obtain a better understanding of the fine details of the B and N bonding and their interactions with the substrate [129, 151, 225] . Secondary ion mass spectroscopy (SIMS) has been used for depth profiling and elemental identification [31, 125] . The crystallinity of the nanosheet has also been studied by low energy electron diffraction (LEED) analysis in a photoemission/ low energy electron microscope (PEEM/LEEM) [129, 226, 227] .
Single atomic defects in BNNS have been identified using photoluminescence spectroscopy [228] . BNNS is strong ultraviolet ray emitter [220, 229] , but spectral emissions in the visible range are seen in the presence of defects in monolayer or multilayer BNNS [230, 231] .
Properties and applications Substrate for 2D nanodevices
The sp 2 bonded BNNS is atomically flat, insulating, and isostructural to graphene. The charge impurities and dangling bonds that are inherent to a silica substrate are completely absent in BNNS [17] . In addition, there are only weak van der Waals forces between graphene and BNNS. Therefore, by using BNNS as a substrate for graphene devices instead of SiO 2 , the charge transport through graphene was improved significantly [17] . This fact has emphasized the necessity of making large-area crystalline BNNS and improving the transfer procedures to build BNNSsupported 2D hybrid structures. In recent reports, BNNS has been demonstrated as a dielectric layer for the fabrication of graphenebased field effect transistors (FETs) [19, 107] and explored as a tunnelling barrier between graphene layers [232] . BNNSsupported flexible transistors have also been reported [70, 22] .
Chemical resistivity and corrosion protection
h-BN is inert to both strong acidic and basic solutions [76] . Due to its chemical inertness, it can hardly been functionalized [200] , while its counterpart graphite can be easily converted to graphene oxide through the Hummers [233] and modified Hummers methods [234] . BNNS, with a pore diameter of only 1.2 Å in the hexagons [235] , has been demonstrated to be impermeable to argon atoms [236] . Therefore, BNNS has good potential as a protective layer for nanoscale electronics, where the thickness and stability of the underlying substrate are crucial in harsh environmental conditions [213, [237] [238] [239] . We have demonstrated that the use of high quality BNNS with large domains and a limited number of defects is essential for effective corrosion protection of the underlying Cu substrate in 0.5 M NaCl solution [203] .
In the presence of only 1-2 atomic BN layers on Cu, the impedance value obtained from electrochemical impedance spectroscopy (EIS) is over one order of magnitude higher compared with that of the bare Cu substrate (Fig. 11a,b) . Optical microscope examination of the Cu surface before and after the EIS testing clearly reveals that the BNNS/melted Cu substrates are the least affected (Fig. 11c-f ). Multi-layered BNNS with a large number of defects, however, shows accelerated corrosion towards water [203] . Experimentally, fragmented BNNS on Cu is found to accelerate the underlying Cu oxidation in air and water at room temperature (Fig. 11g-i ) [203] . Also, along the BNNS edges, severe Cu oxidation was apparent (Fig. 11g,h ). From the density functional theory (DFT) calculations, dissociation of water into O* and 2H* is found to be most energetically favoured along the edges of BNNS in the presence of Cu substrate (Fig. 11i) . The B and O* interaction provides additional stability of the O atom on the Cu substrate, thus accelerating the Cu oxidation in the presence of BNNS.
Mechanical stability and use as fillers in polymer composites
The elastic modulus of 1-2 nm thick BNNS has been theoretically and experimentally determined (by the AFM nanoindentation technique) to lie in the range of 184-510 N/m [56, 240] , which is comparable to the performance of high strength steel, although much less than that of graphene (about 1000 N/m) [241] . The experimental bending modulus, however, is much lower (8.8-16 N/m for 1-2 nm thick BNNS) [56] , compared to the theoretical value (31.2 N/m) [242] , possibly because of the presence of a large number of defects in the CVD grown nanosheet. The low density, high strength, and large elastic modulus of BNNS help to improve the mechanical performance of polymer composites. Several polymers, including poly(methylmethacrylate) (PMMA), polyvinyl acetate (PVA), and polybenzimidazole, have been studied separately as matrices, with exfoliated BNNS acting as fillers to improve the strength of the composites [243] [244] [245] [246] [247] . Good dispersion, their strength and wrinkles, and partial polarity in the B-N bonds were suggested as the possible reasons for the improvement in mechanical properties [245] .
Thermal conductivity enhancer
h-BN has a highly anisotropic thermal conductivity, with its inplane thermal conductivity calculated to lie within the 100-2000 W/mK range; while along the out-of-plane direction, the value falls to only a few W/mK [248] [249] [250] . The experimental value for 11-layer h-BN was reported to be 360 W/mK (390 W/ mK for bulk h-BN) and 250 W/mK for 5-layer h-BN. The lower thermal conductivity in the few-layer BNNS is attributed to residual polymeric particles after the transfer process [251] . The high in-plane thermal conductivity and insulating nature of BNNS have been employed to prepare thermally conductive nano-oils containing BNNS nanofiller [252, 253] . The thermal conductivity of BNNS has also been utilized in polymeric composites to make highly thermally conductive composites [243, 245, 247] . A 14-fold increase in thermal conductivity was observed in an electrically insulating epoxy/BNNS composite [184, 254] .
Sliding and frictional characteristics
The lamellar structure, weak van der Waals force interactions between the layers, strong in-layer bonding, high mechanical strength, chemical inertness, and stability from sub-zero to very high temperatures have made h-BN a popular lubricating agent on the bulk scale [255] . On the 2D scale, where the layer numbers are reduced from billions to a few, the tribological characteristics are yet to be fully understood. With a view to incorporation in microelectromechanical and nanoelectromechanical systems (MEMS and NEMS, respectively), BNNS has been studied both as a solid and as a liquid lubricant additive. As a solid lubricant on top of Cu substrate, h-BN in mostly monolayer form is found to reduce the friction of the Cu substrate by a factor of 40 [256] . Dispersion of mono-to few-layer BNNS in water was found to reduce the friction and wear of SiC ball bearings sliding on a silicon wafer [257] . The formation of tribofilms containing BNNS on the wear tracks was believed to improve the tribological performance of the dispersion [257] .
In-depth AFM studies on mono-to few-layer 2D materials (graphene, h-BN, MoS 2 , NbSe 2 ) have revealed an increase in friction at the tip-nanosheet interface when the layer number decreases [214] . The low bending stiffness of the 2D material compared to its in-plane stiffness can cause the sheet to pucker when the tip approaches the sheet. These out-of-plane puckered regions act as a barrier against tip sliding, contributing to increased friction for 2D materials with reduced layer numbers [214] .
Air stability of BNNS
Similar to its bulk form, few-layered h-BN has been found to be stable in air at elevated temperatures (up to 850°C) [258] . Oxidation of monolayer h-BN, however, starts at 700°C [258] . At 850°C, monolayer h-BN is highly oxidized and randomly oriented etching lines in the sheet are generated (Fig. 12a) . BNNS has been used to protect metal surfaces at elevated temperatures. A BNNS coating, about 5 nm thick, was found to protect Ni and stainless steel up to 1100°C, and up to 500°C in the case of Cu (Fig. 12b, c) in a 300 mTorr oxygen atmosphere for 30 min [123] . BNNS has been employed as a fire resistant coating for wood, which does not carbonize up to 900°C [259] . Epoxy based composite incorporating air-exfoliated BNNS has also shown good flame retardant properties [260] .
Conclusions
BNNS has been studied as a key component, mainly for substrates, in 2D nanoscale electronics. BNNS has also shown great potential as an atomically thin protection layer. All these applications necessitate BNNS that has a large lateral size, is free of defects, and has a desirable thickness. The CVD method is arguably the best method to produce BNNS with these characteristics. In this review, we have summarized the recent advances in the CVD growth of BNNS, its characterization techniques, and the various applications utilizing its unique properties.
The properties of two key parameters for the CVD process, the precursors and substrates, have been enumerated, and their impacts on the quality of BNNS have been discussed in terms of thickness, lateral sizes, and homogeneity. There are two types of precursors: single molecules containing both B and N atoms, and multiple sources that contain B and N separately. These precursors have been employed in different CVD systems, such as UHV-CVD, AP-CVD, and LP-CVD. Treatments of the substrate prior to growth, including thermal annealing, electropolishing, and melting, have proved critical for growing large crystalline BNNS. In particular, BNNS grown on melted Cu is particularly large and predominantly 1-2 atomic layers in thickness. The exact growth mechanism is still unclear and deserves investigation. Similarly, growth can be attempted on other melted liquid surfaces, which may lead to even larger BNNS with better control over thickness.
More efforts should be devoted to understanding the origin of h-BN stacking orders. Growing BNNS on different substrates such as Ni and Pt, and comparing the stacking order with that grown on Cu may help to explain the impact of substrates. It would also be highly valuable to investigate the correlation between stacking orders and physical properties.
The characterization of BNNS needs some special knowledge and tools in order to obtain the most reliable results. We have thus presented a comprehensive review on the microscopies and spectroscopies used to investigate BNNS, highlighting the advantages and disadvantages of the various techniques.
Being atomically flat, highly insulating, impermeable to small molecules, having high in-plane thermal conductivity, and high thermal and chemical stability, BNNS has been confirmed to be ideal for many applications, including substrates in 2D nanoelectronics, means of ultra-thin passivation, and fillers to improve mechanical properties and/or to enhance thermal conductivity of polymers. As the family of 2D materials is constantly expanding, BNNS may be used as a good substrate for new hybrid devices.
